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ABSTRACT 
Si l icon  wafers ((130)-p-type) were abraded a t  room t empe~a tu re  i n  t he  
presence of acetone, absolute  ethanol and water by a pyramid diamond and the  
r e su l t i ng  groove depth was measured a s  a function of  normal force  on t h e  
diamond and the  absorbed f l u i d s ,  a l l  o ther  experimental conditions being 
held constant .  The groove depth r a t e s  (depth of groovels) a r e  i n  the  r a t i o  
of 1:2:3 f o r  water, absolute  ethanol and acetone, respect ively,  fo r  a con- 
s t a n t  normal force.  The groove depth r a t e  is lower when the  normal force i s  
decreased. The abraded sur faces  were examined by scanning e lec t ron  
microscopy. The s i l i c o n  abraded i n  the  presence of water was chipped a s  
expected f o r  a c l a s s i c a l  b r i t t l e  mater ial  while the surfaces abraded in  the 
other  two f l u i d s  showed d u c t i l e  ploughing a s  the  main mechanism f o r  s i l i c o n  
removal . 
Abrasive cu t t i ng  and grinding i s  cur ren t ly  being used i n  t h e  s o l ~ r  
photovoltaic industry as  one method t o  produce la rge  area sheet s i l icor . .  
S i l icon  ingots a r e  s l i c e d  i n t o  wafers by: (1) inner  diameter wafering, 
(2) multi-blade wafering using a s l u r r y  and (3) multi-wire wafering using 
a f ixed abrasive.  These methods r e l y  on abrasive wear f o r  cu t t i ng  by t h e  
motion of diamond impregnated wires, abrasive wheels o r  s i l i c o n  carbide 
s l u r r i e s  i n  water o r  an oi l -based f l u i d  c a r r i e r .  Although abrasive cu t t i ng  
i s  used extensively,  t he  bas ic  mechanisms f o r  abrasion, i . e . ,  the  i n t e r -  
ac t ion  of t h e  cu t t i ng  too l  and t h e  s i l i c o n  and t h e  e f f e c t s  of t h e  f l u i d  i n  
the process a r e  s t i l l  not well understood. An understanding of t h i s  process 
could lead t o  improvements i n  abrasive cu t t i ng  technology and have a 
s ign i f i can t  impact on the  successful u t i l i z a t i o n  of s i l i c o n  f o r  photovoltaics  
s ince t h i s  p a r t  of t h e  processing represents  2, 30% of the  cos t  o f  photo- 
vo la t i c  c e l l  ~ r o d u c t i o n  [ l ] .  
I t  is well-known t h a t  besides lubr ica t ion  and e f f e c t s  on t h e  motion of 
the cu t t i ng  too l ,  f l u ids  can inf luence the surface mechanical proper t ies  of 
non-inetals [ 2 ] .  Fluid adsorption has been known t o  a f f e c t  t he  surface 
hardness of non-metals. iiowever, there  i s  no general concensus a s  t o  the  
cause f o r  the  e f f e c t  and no s a t i s f a c t o r y  model has ye t  been poposed  [3] .  
The r e l a t i o n  of  f l u i d  adsorption t o  the abrasive wear of semiconductors has 
not been invest igated.  
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In t h i s  paper we present experimental r e s u l t s  f o r  t h e  abrasion of a 
s ingle  c rys ta l  (100)-p-type s i l i con  wafer by a pyramid diamond i n  three 
f lu ids .  The experimental apparatus i n  essence is  a s implif icat ion of the  
currently used sil~ccjrr wafering methods discussed previously. I t  was of 
i n t e r e s t  t o  evaluate the  e f fec t s  of abrasion r a t e  on changing f l u i d  environ- 
ments, force on the  abrading pyramid diamond and depth of damage and type of 
debris generated i n  the abrasion process. The abraded surfaces were studied 
by scanning electron microscopy (SEM). The resu l t s  a r e  interpreted i n  terms 
of f l u i d  adsorption and i t s  e f fec t s  on surface mechanical propert ies  of 
s i l i con  . 
EXPERI' ' VTAL PROCEDURES 
Polished s i l i c o n  (100)-p-type, three-inch diameter round wafers (sheet 
resistance 9-16Q-am) were abraded a t  room temperature by a pyramid diamond 
while the  f lu id  environment and load (Fn) on a pyramid-diamond were varied. 
A schematic of the  expe2iment is shown i n  Fig. 1. The s i l i con  was rotated 
past  ;he stat ionary pyramid diamond a t  a speed of 0.56 rps. Sets of grooves 
were formed by varying the  time of abrasion and Fn and only one f lu id  was 
used per  wafer. The surface of each s l i c e  and the  debris was examined by 
SEII and the  depth of the  groove vs. abrading time was determined. Polished 
cross sect ions of the  wafer, wtlich included the grooves, were etched f o r  % 2 
min. i n  a S i r th  etch t o  determine the  depth of damage. 
RESULTS 
Representative SET4 micrographs of the surfaces of the  s i l i con  wafers 
abraded i n  the presence of (a) water, (b) absolute ethanol and (s) acetone 
a re  shown in Fig. 2. The normal force,  
F ~ s  
was 62 g and the  abrading time 
was 1.8 x lo3 s, a l l  other  variables being e ld  constant. A s  can be seen, the  
groove surface appears b r i t t l e  (a) ,  duc t i l e  (b) and a mixture of tne two (c) . 
The depth of the  groove vs. abrading time is  shown in Fig. 3. As can be seen, 
h e  depth increases a s  a function of time and the  r a t e  i s  grea ter  when 
absolute ethanol and acetone is  used as compared with water. The r a t e  of 
groove depth formation increases i n  the  r a t i o  of 1:2:3 f o r  water, absolute 
etlranol and acetone, respectively,  when F, was 62 g. The r a t e  decreased 
when Fn was lowered t o  42 g. 
A cross sect ion of a wafer showing cracks emanating from the  groove 
bottom is shown i n  Fig. 4. The cracks a r e  sharp, extended fo r  a s ign i f i can t  
distance in to  the  wafer and a re  oriented along (110). 
The debris expelled during the  abrading process is shown i n  Fig. 5. 
The surface of the  s i l i con  i n  5(a) has debris  deposits some of which show 
sharp cleavage facets  of the  type observed i n  b r i t t l e  f rac ture  of  ceramic 
materials.  The debris  slrown i n  (b) a lso  has thesp same frtatures--sharp 
cleavage facets .  
DISCUSSION 
A s  seen i n  Fig. 3, the  groove depth vs. abrading time is s igni f icant ly  
inflrenced by the  f lu id  i n  contact with the  s i l i con  surface. In addition, 
the  following was a l so  observed: (a) t h e  depth a l s o  varied with Fn a s  
expected and with mixtures of acetone and d i s t i l l e d  water [4], (b) no 
s igni f icant  differences could be detected i n  the  debris  shape when the f l u i d  
was changed, (c) the  SEt4 micrographs c lea r ly  show tha t  the  rechanism f o r  
s i l i c o n  removal changes when the  f l u i d  environment is changed; the  surfaces 
abraded i n  the  presence of acetone and ethanol have a similar  morphology t o  
abraded metals [S] and (d) there  appears t o  be ar. incubation time i n  t h e  
wear rate. Considering t h a t  all  experimental conditions remained constant 
except fo r  changes i n  f l u i d  and Fn, the  above can be rodeled a s  adsorption 
of the f lu id  on the  s i l i c o n  surface and the  e f f e c t  of  adsorption on surface 
hardness. 
Rabinowicr and co-workers [6] derived a relat ionship fo i  abrasive wear 
by a r i g i d  conical asper i ty  carrying a load L and s l idng through a distance 
S. The expression re la t ing  L t o  the material hardness and geometry of 
the cone is 
where W is the  diameter of contact of  the  cone. The groove area 
which is the  projected area o f  the  penetrating cone i n  the  ve r t i ca l  
is given by 
where 0 is the  slope angle of tne  cone measured from the  plane of the 
surface. Thus when the  cone moves through a distance S, it w i l l  sweep out 
a volume V given by 
Substi tut ing S = t ( w r ) ,  V = 2nrAg, w = 0.56 rps,  0 = 62" and L = 62g, 
where t is  the abrading time and r the radius of the abraded groove, the 
hardness can be expressed as  
The hardness p is therefore re la ted  t o  the  groove geometry and the 
slope of the groove depth vs. time with a l l  other experimental conditions 
being held constant. Since the f lu id  environment influenced Ag, then 
consequently the surface hardness is a l so  affected. Usi~g the above equation 
we f ind t h a t  the f lu id  adsorption changed the surface hardness of the  s i l i con  
in  the r a t i o  of 1:9.5:0.3 f o r  water, ethanol and acetone, respectively. 
The e f f e c t  of f lu id  adsorption on hardness of s i l i con  have previously 
bee41 reported by Ablova [7] who observed a surface softening by adsorption 
of water. Westbrook and Cilman (81 a l s o  found a softening (up t o  60$) i n  
s i l i con  when indentations were car r ied  out i n  the  presence of  a small 
potential  between ,m indenter and the  s i l i con  surface. Solre recent r e s u l t s  
of Yost and Williamrs (91 showed a m i n i m  i n  hardness f o r  n- and p-type 
s i l i con  with concentration NaCl and Na4P207 f o r  a m x i m  i n  the  negative 
zeta potent ia l  which was interpreted t o  man tha t  the  hardness change with 
zcta potent ia l  is re la ted  t o  the  surface charge and the  influence on the  
charge c a r r i e r  concentration a t  the surface. The surface charges were 
thought t o  in te rac t  with charged kinks a t  dislocat ions.  Recently Cuthrell  
(101 has expanded on the  adsorption laode1 by r e l a t i n g  the  d r i l l i n g  r a t e  of 
g lass  t o  the  d i e l e c t r i c  constant of the f lu id  in  contact with the  surface. 
The dissociat ion of the  f lu id  i n t o  sing!y and multiply charged ions (as 
evidenced by the  d i e l e c t r i c  constant) was found t o  corre la te  with d r i l l i n g  
rate.  Applying these ideas t o  the  abrasive wear of s i l i con  in  our case, the  
slope of  the  groove depth which varies as  1:2:3 f o r  water, ethanol and 
acetone, respectively,  compares with the  d i e l e c t r i c  constants which vary i n  
the r a t i o  of  1:1.?:3.8 fo r  these same f lu ids .  Although the  correlat ion does 
not appear good, the  var ia t ion  i s  in  the  r igh t  d i rec t ion  and additional 
experiments a re  under wily t o  t e s t  t h i s  hypothesis. 
Cracks a t  the bottoms of the  grooves were evident curd the  length of 
the cracks welw also  related t o  the type of f l u i d  in  contact with the  surface. 
Althouglt it was expected t h a t  the number and length of  subsurface cracks 
should be smaller f o r  t!.c duc t i l e  mode wear groove, t h i s  was not found t o  be 
the case. Similar r e su l t s  of  subsurface cracking was observed i n  MgO and 
explained by J i  s location interact ions resul t ing  from a redis t r ibut ion  of  
resolvcd .shear s t m s s c s  during s l id ing.  I t  was speculated tha t  the in ternal  
cracks do not have 3 d i r e c t  influence on the increase of wear [ l l ]  in tha t  
case hut n corre la t ion  does e x i s t  i n  our r e su l t s  of abrasion of  s i l i con .  
The resu l t s  of t h i s  study may be suavnarized as follows: 
(1) Fluid environments i n  contact with (100)-p-type s i l i c o n  a f fec t  the  wear 
r a t e .  The r a t e  var ies  proportionately a s  1:2:3 for  water, othanol and 
acetone, respectively,  fo r  a conical diamond abrading s i l i con  a t  room 
temperaturn. 
(2) The ucfomation mode changes from b r i t t l e  t o  duc t i l e  when t h e  f l u i d  i s  
changed. 
(3) The abraded debr is  is not noticeably d i f fe ren t  when tho f l u i d  environ- 
ment is changed. 
(4) Subsurface cracks a rc  present. a t  the bottoms of the abraded grooves. 
Their length is a l s o  affected by the  f lu id  environment. 
(5) The surface hardness of s i l i con  is influenced by f lu id  adsorption turd 
there appears t o  be a correlat ion of the  groove dopth with the  
d i e l e c t r i c  constant of the f lu id .  
Fi
g.
 
1.
 
A 
s
c
he
ma
ti
c 
r
e
pr
es
en
ta
ti
on
 o
f 
th
e 
e
x
pe
ri
me
nt
 f
or
 a
br
ad
in
g 
s
il
ic
on
 b
y 
di
am
on
d.
 G
ro
ov
es
 a
r
e
 
pr
od
uc
ed
 
o
n
 
th
e 
s
il
ic
on
 w
a
fe
r 
a
n
d 
th
e 
gr
oo
ve
 d
ep
th
 i
s 
m
e
a
s
u
r
e
d 
a
s
 
a
 
fu
nc
ti
on
 o
f 
ti
me
, 
fl
ui
d 
e
n
v
ir
on
me
nt
 a
u
d 
n
o
r
m
a
l 
fo
rc
e 
o
n
 
th
e 
di
am
on
d.
 T
he
 s
u
r
fa
ce
 o
f 
th
e 
s
il
ic
on
 i
s 
e
x
a
m
in
ed
 b
y 
s
c
a
n
n
in
g 
e
le
ct
ro
n 
a
ic
ro
sc
op
y 
(S
m)
 fo
r 
m
o
de
 o
f 
s
il
ic
on
 r
e
m
o
v
a
l.
 
ORIGIbIAL PAGE 
BLACK AND IVMITE PHOTOGRAPH 
> *A 
OV) 
o m 0 4  
k k 
M.0 hl 
m a 
a3 
r, .- . " 
v: .ra:;i.;r\L I'itbc 
BLACK AND \trHITE PHCTOGRApH 
-. i.16. 4 Si;'.: niicrograpn of a cross scction oi a silicon waG2r ~li.i,l crac.;s 
emanating from the groo1.c bottom. Conditions were: F, = 6 2  g ,  
distilled water and 603 s abrading time. 
F i g .  5 SEM micrographs showing d e b r i s  expe l led  dur ing t h e  abrading 
process  cond i t ions  were: 7S0i acetone,  25% d i s t i l  l e d  H20, abraded 
f o r  30 min. wi th  Fn = 4 2  g (a) and i s o l a t e d  d e b r i s  generated 
under 100% acetone (b) .  
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DISCUSSION : 
FRIZELL: How cou ld  you m a i n t a i n ,  w i t h  normal ambient  r e l a t i v e  humid i ty ,  t h e  
i d e n t i t y  o f  your a c e t o n e  o r  your e t h a n o l ,  bo th  of  which are t e r r i b l y  I~ygro -  
s c o p i c ?  
DANYLUK: That  i s  a  v e r y  good p o i n t .  We have been ve ry  c a r e f u l  t o  do o u r  
exper iment  w i t h  f r e s h  a c e t o n e  and f r e s h  e t h a n o l .  We open a f r e s h  b o t t l e ,  
we put  t h e  f r e s h  f l u i d  on t h e  s i l i c o n  s u r f a c e  when :qe do t h e  a b r a s i o n  and 
w i t h i n  h a l f  a n  hour  t h e r e  is a p o s s i b i l i t y  o f  H2Q a b s o r p t i o n .  I d o n ' t  
know how much t h a t  would b e ,  though. 
GALLACHER: Do you t h i n k  t h e  f a c t  t h a t  i n  one c a s e  you used a noncompress ib le  
f l u i d ,  w a t e r ,  and t h e  rest o f  t h e  t i m e  you u s e  something t h a t  is compress- 
i b l e ,  cou ld  have made a d i f f e r e n c e  i n  t h e  a c t u a l  f o r c e  t h a t  you were 
s e e i n g ?  
DANYLUK: We have t r i e d  t o  keep  a l l  of o u r  e x p e r i m e n t a l  variables c o n s t a n t .  
That  means t h a t  w e  d o n ' t  v a r y  a :lorma1 f o r c e  a t  a l l .  We e s s e n t ' n l l y  keep  
o u r  pyramid diamond loaded ,  w e  j u s t  s imp ly  remove o u r  s l i c e  and i n s e r t  t h e  
n e x t  s l i c e .  The o n l y  changes  t h a t  we have made i n  t h e  r e s u l t s  t h a t  I have  
been r e p o r t i n g  a r e  changes  i n  f l u i d  environnrent .  
GALLAGHER: I guess  my q u e s t i o n  ~ h o u l d  have been .  how d i d  you a p p l y  t h a t  
f o r c e ?  Was i t  a dead we igh t?  
DANYLUK: I t  is a dead-weight f o r c e ,  yes .  
DYER: S i n c e  t h e  a b r a s i o n  p r o c e s s  i s  main ly  mechanica l  a l l  o f  t h e  time, I 
t l i ink  w e  ought  t o  keep  i n  mind t h a t  t h i s  is a mechanical  t h i n g  and were 
look ing  a t  t h e  p o s s i b i l i t y  o f  a n  environment i n f l u e n c i n g  whatever  t h e  
mechanical  a f f e c t  is. You have a stress f i e l d  under a  p o i n t  s o u r c e  l i k e  
t h a t  p o i n t  l oad .  You can even g e t  a  p i c t u r e  of t h a t  s t r e s s  f i e l d  o r  a n  
idea  of t h e  p i c t u r e  of  i t  from books on p h o t o e l a s t i c i t y .  I t  is ve ry  com- 
p l i c a t e d ,  bu t  t h e  g e n e r a l  shape of t h e  s t r e s s  f i e l d  f a r  away from t h e  
p o i n t  is f a i r l y  well known, a c c o r d i n g  t o  t h e  p r i n c i p l e  o f  S t .  Venant .  
Did you measure t h e  f r i c t i o n  d i f f e r e n c e  between t h e  w a t e r  and t h e  
a c e t o n e  and t h e  a l c o h o l ?  I f  t h e r e  is a f r i c t i o n a l  d i f f e r e n c e ,  t hen  t h a t  
t a n g e n t i a l  f o r c e ,  i f  i t  is s u b s t a n t i a l ,  c a n  have two d i f f e r e n t  e f f e c t s .  
F i r s t ,  i t  a c t u a l l y  changes  t h e  magnitude o f  t h e  e n t i r e  s t r e s s  f i e l d .  You 
showed a l a r g e  e f f e c t  of  g3 ing  from 42 grams t o  62 grams, s o  t h a t  i f  you 
had t o  push on f t  a l i t t l e  more hard  wI th  one t a n g e n t i a l l y  t h a n  you d i d  
w i t h  t h e  o t h e r ,  t hen  you would e s s e n t i a l l y  be i n c r e a s i n g  t h e  b a s i c  s i z e  o f  
t h e  stress f i e l d .  I n  a d d i t i o n  t o  t h a t ,  you would be i n c r e a s i n g  t h e  t i l t  
forward o f  t h a t  f i e l d .  A s  you know from look ing  a t  t h e  p i c t u r e s  i n  F roch t  
o r  some p h o t o e l a s t i c i t y  book, t h e  sum of t h e  two f o r c e s ,  t h e  t a n g e n t i a l  
and t h e  v e r t i c a l ,  i f  you t a k e  t h a t  v e c t o r ,  t hen  t h e  c e n t e r  o f  symmetry o f  
t h a t  stress f i e l d  is e x a c t l y  a long  t h a t  a x i s .  So you e s s e n t i a l l y  t i l t  t h e  
stress f i e l d  forward and change t h e  t h i n g s  t h a t  stress f i e l d s  d o ,  e i t h e r  
c r a c k i n g  o r  a b r a s i o n .  
ORlQlNAL PAGE IS 
OF POOR QUALITY 
DANYLUK: Our ro ta t ion  speed was 0.56 rps. So we a r e  e s sen t i a l ly  a t  a very 
I 
I 
I 
slow speed of ro ta t ion  i n  the s i l i con .  I think what you a r e  refer r ing  t o  I 
is bas ica l ly  more of a dynamic e f f e c t  of a changing stress f i e ld .  I don't 1 
think tha t  we a r e  i n  that  regime with our experiment. 1 
WOLF: Afte: seeing the pictures of your grooves, and hearing of your 
experimental setup, I am wondering how much the bounce of the diamond 
could have been and how the  d i f fe ren t  f lu ids  could have provided d i f fe ren t  
lubricat ing qual i ty  so a s  t o  a l t e r  the amount of bounce you might ge t  a s  
you pu l l  the s ty lus  along the groove. 
DANYLUK: Well, we haven't measured the bounce, but we a r e  a t  60 grams. Our 
diamond is instrunented t o  record an acoust ic  s ignal .  You can obviously 
hear a difference t2tween the water and the acetone and the ethylene. 
There is probably some bounce occurring. When we looked a t  the ethanol 
grooves, there were some gouges a t  the bottoms of the grooves tha t  lead us 
t o  believe tha t  there may be some bounce occurring. I don't think tha t  is 
a predominant e f f e c t  i n  these experiments. 
FRIZELL: Could it be tha t  your lubricants  evaporated more rapidly with the  
ethanol and the acetone than with the water? 
DANYLUK: The surface is t o t a l l y  immersed i n  the f lu id .  
FRIZELL: Except tha t  a t  the point of the diamond you got t o  those temperatures 
where you a r e  evaporating more acetone than water. 
